Abstract. We use a numerical model for olivine-spinel transformation to study deep earthquake nucleation and to delineate the seismogenic region within a subducting slab. The model includes laboratory-derived flow laws, latent heat release, and phase transformation kinetics. We calculate deformation, transformation state, grain growth, and rheology for several paths within a subducting slab. Strain rate perturbations are imposed to define the necessary conditions for instability. Strain rate pertur- 
Introduction
A central problem in understanding deep focus earthquakes (> 300 km) is that of how elastically-radiated energy in the form of seismic waves can be released within a region undergoing ductile deformation. Several mechanisms have been proposed [Frohlich, 1989] including shear instability associated with transformation of metastable olivine to spinel [see reviews by Green and Houston, 1995 and Kirby et al., 1996] . This hypothesis is supported by In contrast, for shallow earthquakes, a quantitative theory for nucleation and instability has been developed using laboratoryderived friction laws [e.g., Roy and Marone, 1996] . In these studies, simplified constitutive laws are combined with elastic coupling to determine the conditions for instability and parameter ranges consistent with earthquake nucleation. A similar approach may be useful in evaluating the mechanism of deep earthquakes.
In this paper, we focus on the instability condition during nucleation of deep earthquakes. We study only the onset of instability and do not consider the more general problem of rupture propagation and arrest. We use a model for coupled olivinespinel transformation and deformation described by who presented details of the model and showed how nucleation of deep earthquakes could be understood in terms of stability criteria. Here, we apply the model to a subducting slab and delineate the seismogenic zone for deep earthquake nucleation. We find that the system changes from stable to potentially unstable behavior with increasing transformation and thus a critical transformation for earthquake-like instability is defined.
Model and Results
We use the model of , who studied the problem of combined deformation and phase transformation in an idealized aggregate. Here, we summarize only key features of the approach and assumptions. Local regions within a subducting slab (Figure 1 ) are modeled as assemblages of spinel inclusions homogeneously dispersed in an olivine matrix. Interactions between inclusions and geometric effects leading to shear localization are not included. The transformation rate and latent heat release are calculated assuming grain-boundary nucleation and interrace-controlled growth [e.g., Rubie and Ross, 1994] . Kinetic parameters are taken to be constant, independent of deformation.
Creep strain and strain rate are calculated using the EshelbyMori-Tanaka (EMT) theory, and stress redistribution with prolaboratory data showing instability in model materials undergoing gressive transformation is accounted for . EMT theory reconstructive phase transformations and by high-resolution provides a method of relating transformational strain and stress seismic data, which indicate that deep earthquake foci are con-concentration, in a mean-field sense, to further deformation In this study, motivated by similar stability analyses applied to shallow earthquakes, we consider only perturbations in strain rate. We assume homogeneous axial compression and consider the instantaneous response following a perturbation. Because the corresponding time interval is small compared with other time scales in the problem (e.g. the subduction rate, the olivine-spinel transformation rate, or the spinel grain coarsening rate), •, dst , and P are constant. In addition, we assume homogeneous deformation until a shear instability occurs, so d7/d7= 0. After these simplifications, equations (1) (2) could lead to instability. However, for strain rates relevant to the onset of instability (e.g., Figure 2d ), shear heating is not expected to be significant. That is, we focus on the initial onset of instability during earthquake-like nucleation. Once shear accelerates and higher strain rates are attained, shear heating may be important. Also, although latent heat release may be critical for producing the conditions necessary for instability [e.g., Green and Zhou, 1996], Liu [1997] showed that nucleation of the olivinespinel transformation instability occurs even without latent heat (although he emphasized the importance of latent heat for quasistatic yielding leading to nucleation). 
series of paths we find that •½ is weakly dependent on P-T-t path,
varying from 1-5% from the warmest to coldest path.
The Seismogenic Zone for Deep Earthquakes
In Figure 4 , we combine results from strain rate perturbations along each P-T-t path to map the seismogenic zone within the subducting slab. In the cold interior of the metastable wedge, spinel transformation is kinetically inhibited. In the region 0 <• < •c strain rate perturbations indicate stable deformation ( Figure  4a) . The seismogenic zone is defined between • and the upper limit of spinel grain size ds• , for transformation weakening, which we take as 10 I.tm . By the time spinel grains coarsen to 10 gm, the phase transformation strain is effectively zero and Figure 4b shows a cartoon of a broadened zane of transformation with increasing depth. Such broadening is suggested by the narrow depth interval of deformation (Figure 2b) , which for fast subduction velocity implies nearly adiabatic deformation (excepting the latent heat release). This is equivalent to broadening the isotherms without significantly reducing the region of metastable elivine [e.g., Stein, 1995] . This supports previous suggestions el • slab thickening [cf. Green and Houston, 1995' Kirby et al. 1996; Karate, 1997] and is consistent with seis•nic tomegraphic.studies indicating slab thickening and distortion in the transition zone [e.g., van der Hiist, 1995]. However, buoyancy considerations limit thickening of the roetastable wedge and it is important to quantitatively assess such thickening in a model that integrates thermal effects with slab stresses and de,ormation.
Conclusions
We use a model for coupled transformation and deformation to study the onset of shear instability and delineate the seismogenic zone in a subducting slab. The model represents a first attempt to construct a realistic constitutive law that can be coupled with a description of continuum'interactions for quantitative study of deep earthquake nucleation. We find a transition from stable to potentially unstable behavior above a critical spinel abundance •c. Our model seismogenic zone is bounded by •, and a maximum spinel grain size and consists of a narrow region at the outer edge of the metastable wedge. A .zone of conditional stability is expected to surround this region, such that rupture may propagate outside the nucleation region or be triggered there by sufficiently large perturbations. Several simplifying assumptiens are required due to lack of thermo-kinetic data and incomplete knowledge of constituent mineralogy and rheology and these should be addressed in future models.
